Hematopoietic progenitor/stem cells (HPCs/HSCs) puri®ed from human adult peripheral blood (PB) were triggered into cycling, retrovirally transduced with HOXB7 and then functionally assayed in vitro. HPCs were assayed in multi-and unilineage dierentiation cultures in either liquid phase or semisolid medium, primitive HPCs in the high proliferative potential colony-forming cell (HPP ± CFC) evaluation system and putative HSCs in Dexter type long-term culture (LTC) as LTC initiating cells (LTC ± ICs). Control experiments ensured that the exogenous HOXB7 gene was constantly expressed, while the endogenous one was barely or not transcribed. Enforced expression of the gene markedly modulated the proliferation/dierentiation program of the entire HSC/HPC population. Enforced HOXB7 expression exerted a potent stimulatory eect on the proliferation of the primitive HPC and putative HSC subsets, assayed as HPP ± CFCs and LTC ± ICs respectively. While not modifying the total number of HPCs, exogenous HOXB7 induced an increase of the number of granulo-monocytic (GM) HPCs [colony-forming unit GM (CFU ± GM) CFU ± GM, CFU-G and CFU-M, as evaluated by clonogenic assays] and markedly ampli®ed the progeny of both CFU-G and CFU-M, which showed a sustained proliferation through at least 1 ± 2 months (as evaluated in liquid suspension culture). The prolonged proliferative stimulus induced by HOXB7 transfer into LTC, primitive and GM oriented HPC culture was characterized by persistent proliferation of a discrete population of blast cells and a large pool of dierentiated myeloid precursors. Altogether, these results suggest the hypothesis that the proliferative stimulus exerted by exogenous HOXB7 in primitive and GM-oriented HPCs may represent a preleukemic immortalization step. Consistent with the functional role of HOXB7 in the initial ontogenetic phase, these studies indicate that ectopic HOXB7 expression in early HPCs and HSCs from adult PB stimulates their self renewal, sustained proliferation and myeloid dierentiation.
Introduction
Hematopoiesis is sustained by a pool of hematopoietic stem cells (HSCs) that can extensively self-renew and dierentiate into progenitor cells (HPCs) . HPCs are committed to a speci®c lineage(s) and are functionally de®ned as colony-or burst-forming units (CFUs, BFUs), i.e., early and late HPCs of the erythroid series (BFU-E and CFU-E, respectively), the megakaryocytic lineage (BFU ± MK, CFU ± MK), the granulocyte-monocytic series (CFU ± GM, CFU-G, CFU-M), as well as multipotent CFUs for all four lineages (CFU ± GEMM). HPCs in turn dierentiate into morphologically recognizable precursors that mature to terminal elements circulating in peripheral blood (PB).
Products of homeobox (HOX) genes are localized in the nucleus and represent a major class of transcription factors (TF) controlling cellular proliferation/differentiation during development.
Homeogenes, originally identi®ed in Drosophila malanogaster, are organized in multigene clusters highly conserved in all analysed species (Deschamps and Meijlink, 1992; Mavilio, 1993) . In the human genome four clusters, named A, B, C and D, have been mapped on chromosomes 7, 17, 12 and 2 respectively (Scott, 1992) . During ontogenetic development the expression of HOX genes is stage-related and tissueor region-speci®c (Krumlauf, 1994) .
Growing evidence indicates an important functional role for HOX genes in normal and neoplastic adult cells (Deguchi et al., 1991; Lawrence and Largman, 1992; Petrini et al., 1992; Shimamoto et al., 1998) , particularly in the hematopoietic system. In normal activated T lymphocytes and NK cells or differentiating HPCs, HOXB cluster genes are induced from 3' to 5' cluster side and play an important functional role (Giampaolo et al., 1994; CareÁ et al., 1994; Quaranta et al., 1996) . Several HOXA and B genes are expressed in CD34 + cells and modulated according to stage-and lineage-speci®c patterns: particularly, HOXA and B genes on the 3' cluster side are highly expressed in primitive CD34
+ populations (Giampaolo et al., 1994; Magli et al., 1997; Sauvageau et al., 1994) .
HOX genes have been associated with leukemic transformation. This link was ®rst shown in the mouse myeloid cell line WEHI-3B in which HOXB8 and IL3 genes were constitutively activated by insertion of a retroviral-like intracisternal A particle in HOXB8 ®rst exon (Blatt et al., 1992) . More recently, gene transfer of HOXB3, B8 and A10, but not B4 in mouse bone marrow cells resulted in a high percentage of acute myeloid leukemias after a rather long latency, indicating that a second event is to be required Thorsteinsdottir et al., 1997) .
Abnormal expression of homeobox-containing genes associated with leukemia in humans has also been reported. In T-ALL with the t(10;14) translocation the HOX 11 gene is deregulated (Lichty et al., 1995) , while HOXA9, overexpressed as fusion with a subdomain of NUP98, is involved in AML showing a t(7;11) (Borrow et al., 1996) . However, the molecular mechanisms underlying the transformation process are still poorly understood.
HOXB7, while barely or not transcribed in normal HPC dierentiation (Giampaolo et al., 1994; Sauvageau et al., 1994) , is expressed in a variety of human leukemic cell lines, including erythroleukemias and Band T-acute lymphoid leukemias (ALL) (Lawrence and Largman, 1992; Petrini et al., 1992; CareÁ et al., 1994; Magli et al., 1997) . Furthermore, we have recently demonstrated in melanoma a speci®c link between constitutive HOXB7 expression and deregulated cell proliferation , which have been con®rmed upon transduction of the sole HOXB7 gene in a breast carcinoma cell line (CareÁ et al., 1998) .
In this study, we have retrovirally transduced HOXB7 in HPCs/HSCs puri®ed from normal adult PB and investigated the eects of its enforced expression on HPC/HSC proliferation and differentiation.
Results

Retroviral transduction of HOXB7 in human hematopoietic stem/progenitor cells
The human HOXB7 complete coding sequence in retroviral LXSN vector (LB7SN vector) ( Figure 1a ) was transduced into puri®ed PB HSCs/HPCs, thus resulting in ectopic expression of B7. Eight infection cycles were carried out within 3 days in presence of growth factors as described in our previous studies . Three days after the last cycle of infection LB7SN-and control LXSN-infected cells, as well as mock-infected cells, were tested for both HOXB7 and neo R gene expression by RT ± PCR. As shown in a representative experiment (Figure 1b) , only cells infected with LB7SN expressed the B7 gene, while both LB7SN and LXSN-treated cells showed the presence of neo R mRNA. These data indicate that exogenous, but not endogenous, HOXB7 was expressed in HPCs prior to initiation of the functional assays. A Western blot analysis performed on the Am 12/B7 producer cell line showed the presence of the speci®c HOXB7 protein (Figure 2) .
Clonogenic assays performed on LB7SN-transduced HPCs, in presence of graded amounts G418, showed that 40 ± 75% of the colonies were neo resistant (data not presented). RT ± PCR analysis performed on several of these colonies indicated both neo R and 
HPC clonogenic cultures
HOXB7 transduction signi®cantly modulates HPC colony formation in both multilineage and unilineage culture conditions.
In the multilineage HGF combination (Table 1) , we observed a modest but signi®cant increase of CFU ± GM colony number from 9.3+1.2 (mean+s.e.m. value) to 13.8+1.2 (P50.05) in the LB7SN-vs LXSN-treated groups. No signi®cant dierences were found for CFU-GEMM, BFU-E or CFU-MK colony number and size.
In the unilineage erythroid (E), granulocytic (G), megakaryocytic (MK) and monocytic (M) cultures the exogenous HOXB7 eect on CFU-GM colonies was con®rmed and speci®ed (Table 2) : CFU-G colony number was signi®cantly increased from 7.5+1.3 to 13.9+3.4 (P50.05). Both the number (from 3.7+0.9 to 7.4+1.7, P50.05) and size (from 1.6+0.17 to 3.1+0.14, P50.01) of CFU-M colonies were enhanced. No eects were observed for BFU-E or CFU-MK colonies.
HPC liquid phase cultures
After the last cycle of infection HSCs/HPCs were grown in unilineage cultures supplemented with the described HGF combinations (Labbaye et al., 1995; Gabbianelli et al., 1995; Valtieri et al., 1998 and Table  2 legend), which induced a gradual and homogeneous wave of dierentiation and then maturation along the E, G, M or MK pathway.
Remarkable dierences were observed in G and M cultures upon transduction with LB7SN. The rate of proliferation was accelerated in G and, to a lesser extent, in M cultures ( Figure 4a ). The enhanced growth of the G and M lineages was associated with a dierentiation delay, as shown by persistence of blasts and immature precursors at late days of culture ( Figure  4b ). It is apparent that the prolonged proliferation of a small pool of blast cells sustained the persistent growth of the dierentiated myeloid progeny. Conversely, control cells became fully dierentiated in 14 ± 18 days. This proliferative/dierentiative pattern was also observed upon G418 treatment. Figure 5 shows a growth curve in G culture which represents mean+s.e.m. of four separate experiments.
No dierences in growth and/or dierentiation were observed in E and MK cultures after LB7SN transduction, as compared with control groups (Figure 6 ).
Endogenous HOXB7 was essentially silent by RT ± PCR analysis in all liquid suspension cultures (Figures 4a and 6). Exogenous HOXB7 and neo R mRNA levels were evaluated by control RT ± PCR in all experiments (Figures 4a and 6 ).
HPP ± CFC and LTC ± ICs assays
We evaluated the capacity of HPCs, transduced with LXSN or LB7SN, to generate HPP ± CFC colonies in FCS 7 cultures. In control cultures the average number of primary HPP ± CFC colonies was 1.8%; this level increased up to 3.5% after HOXB7 infection. More important, we observed a strikingly higher recloning capacity of LB7SN-treated HPP-CFCs, as compared with control cultures (7.5 vs 0.05%).
In parallel, to assess if HOXB7 overexpression aects the proliferation of putative HSCs, we evaluated the number of LTC-ICs and the total HPC output in 5 week Dexter type LTC. In four independent experiments we observed a marked increase of the number and particularly the size of the myeloid colonies generated by HPCs from the combined supernatant and adherent fractions. Particularly, the average size was 1200 cells/colony in the control group and 28 000 cells/colony in the a 7 semisolid medium containing KL (100 ng/ml), FL (100 U), IL-6 (10 ng), bFGF (100 ng), IL-3 (100 U), GM-CSF (10 ng), Epo (3 U), M-CSF (250 U), G-CSF (500 U) and Tpo (100 ng). b Cell no.610 3 /colony (for CFU-MK, cell no./colony). n.s., not signi®cant Figure 7a) ; here again, endogenous HOXB7 was silent.
The number of LTC-ICs, evaluated on the basis of the total HPC output as in Udomsakdi et al., 1992) , was 1.62+0.33 in the mock group, 1.64+0.41 in the LXSN group and 7.30+2.64 in the LB7SN group (P50.05) (Table 3) . Furthermore, we performed LDA of LTC ± IC frequency (Udomsakdi et al., 1992), which was 1.1% in the LXSN group vs 2.9% in HOXB7 transduced cells (Figure 7b ), thus essentially in line with corresponding results on LTC ± IC frequency evaluated by HPC output (1.5 vs 3.8%). It is also noteworthy that comparable numbers of colonies were generated from a single LTC ± IC in the two groups (3.71, LXSN; 3.65, LB7SN).
Discussion
It is generally conceded that each homeoprotein exerts a speci®c function in the complex network of this gene family (Magli et al., 1997) . Indeed, enforced expression of murine HOXB3, B4 and A10 induced dierent hematological phenotypes at the level of HSCs/HPCs and the various lineages (Sauvageau et al., 1995 Thorsteinsdottir et al., 1997) . Particularly, overexpression of HOXB3 and HOXB4 genes, whose endogenous transcription is largely limited to primitive CD34 + cells, caused dierent hematopoietic patterns (Sauvageau et al., 1995 : exogenous HOXB4 induced an abnormal HSC expansion (Sauvageau et al., 1995) , while exogenous HOXB3 caused marked defects in Tand B-lymphocyte development and a signi®cant increase in myeloid HPC number . Finally, overexpression of HOXA10, strongly expressed in normal HPCs, causes HSC/HPC proliferation and perturbs myeloid dierentiation eventually leading to leukemia .
The present study shows that ectopic expression of human HOXB7 in HPCs/HSCs and their progeny results in a unique hematopoietic phenotype, characterized by modulation of the proliferation/differentiation program of dierent subsets of the HSC/ HPC pool. HOXB7 was retrovirally transduced in cycling HPCs/HSCs, which were functionally evaluated in dierent culture systems: HPCs were assayed in multi-and unilineage dierentiation cultures in either liquid phase or semisolid medium, primitive HPCs in the HPP ± CFC culture system and putative HSCs in Dexter type LTC as LTC ± ICs. Control experiments ensured that in these culture conditions the exogenous B7 gene was consistently expressed, whereas its endogenous counterpart was barely or not transcribed. The eects of HOXB7 overexpression on primitive HPCs/putative HSCs deserves discussion: (i) We observed a sharp increase of the number of secondary HPP-CFC-derived colonies, which comprise both G and M cells; this indicates a stimulatory eect at the level of primitive HPCs endowed with self-renewal capacity. In contrast, the growth of CFU ± GEMM was unmodi®ed: it is noteworthy that mixed colonies comprise a majority of cells pertaining to the erythroid lineage, which is not aected by enforced HOXB7 expression; (ii) Exogenous HOXB7 has a striking stimulatory eect on the proliferation of putative HSCs, assayed as LTC ± ICs on the basis of both HPC output and LDA (Udomsakdi et al., 1992) . Altogether, it is apparent that enforced HOXB7 expression exerts a potent stimulatory eect on the proliferation of the earliest hematopoietic cell subsets, including both primitive HPCs (HPP ± CFCs) and putative HSCs (5 ± 8-week LTC ± ICs), which are endowed with limited and more extended self-renewal capacity respectively.
While not modifying the total number of HPCs, exogenous HOXB7 induces an increase of the number of CFU ± GM, CFU-G and CFU-M (as indicated by clonogenic assays) and markedly ampli®es the progeny of both CFU-G and CFU-M (as evaluated in liquid suspension cultures). The latter phenomenon is less pronounced in clonogenic medium: this seemingly relates to the longer duration of liquid suspension cultures, which allowed the selection and preferential ampli®cation of HOXB7-transduced clones. In the starting puri®ed HPC population the 90 ± 95% frequency of CD34 + cells closely corresponds to that of HPCs, as evaluated in an optimized clonogenic assay (Labbaye et al., 1995) : it seems unlikely, therefore, that enforced HOXB7 expression recruits HPCs committed to the G and/or M lineage from the CD34 7 cell population. It is hence implied that exogenous HOXB7 may channel multi-/oligopotent CD34 + HPCs into the G-and/or M dierentiation pathway, rather than the E and/or MK lineage. Additionally, enforced HOXB7 expression may partially shift unipotent HPCs from the E/MK to the G/ M dierentiation program.
These results relate to previous observations on HOXB cluster gene expression/function in normal and neoplastic hematopoiesis.
In normal HPCs triggered into cycling and unilineage E or G dierentiation, HOXB cluster genes are rapidly induced from the 3' to 5' cluster side (Giampaolo et al., 1994) . However, the 5' located HOXB7, B8 and B9 remain essentially silent: furthermore, treatment of HPCs with antisense oligomers targeting the mRNA of these genes, particularly HOXB7, does not modify their clonogenetic capacity (Giampaolo et al., 1994) . Conversely, these 5' HOXB genes are often expressed in human leukemic cell lines of both myeloid and lymphoid origin (Petrini et al., 1992; Magli et al., 1997) , as well as in dierent carcinomas (CareÂ et al., 1996) . In particular, we found that HOXB7 is expressed in all the examined cell lines, including glioblastoma, lung and renal carcinoma and leukemic cells (our unpublished results). In melanoma, HOXB7 is constitutively expressed in both primary cells and cell lines, and plays a pivotal role in neoplastic cell proliferation via direct transactivation of the gene for basic ®broblast GF (bFGF), that represents a crucial GF in melanoma oncogenesis (CareÂ et al., 1996) . Since bFGF is also a key regulator of early HPC proliferation (Gabbianelli et al., 1990) and selectively potentiates their myeloid oriented proliferation (unpublished results), we are currently verifying the hypothesis that exogenous HOXB7 triggers a bFGF/bFGFR autocrine loop to mediate HPC proliferation.
The present observations, suggest that the proliferative stimulus exerted by enforced HOXB7 expression in primitive and GM-oriented HPCs may represent a pre-leukemic immortalization step. Consistent with this hypothesis: (i) the growth of HOXB7-transduced HPCs in myeloid dierentiation cultures was both enhanced and prolonged through at least 1 ± 2 months, as compared with the limited proliferation of control LXSN-transduced cells: this correlated with (ii) persistence of a discrete blast cell population at late culture times. Further studies in myeloid liquid suspension culture will aim to verify the immortalization of HOXB7-transduced HPCs/HSCs. Furthermore, (iii) HOXB7-transduced HPCs from 5 ± 8-week LTC generated 20-fold larger colonies than observed in control culture: these colonies comprised both blast cells and myeloid dierentiated precursors. We are currently attempting to induce a leukemogenetic process in HOXB7-transduced HPCs/HSCs, as evaluated by tumorigenesis in SCID mice.
Altogether, our studies indicate that ectopic expression of HOXB7 in human adult HPCs/HSCs induces a 
Materials and methods
Retroviral construct and producer cell lines
The HOXB7 cDNA region encompassing the complete coding sequence (Simeone et al., 1987) was cloned into the retroviral vector LXSN (Miller and Rosman, 1989) to produce LB7SN (Figure 1a) . The ecotropic GP+E86 (Markowitz et al., 1988) and the amphotropic GP+envAM12 (Markowitz et al., 1988) packaging cell lines were cultured in HXM medium that consists of Dulbecco's modi®ed Eagle medium (DMEM) supplemented with 10% serum (Hyclone), 250 mg/ml xantine, 15 mg/ml hypoxantine and 25 mg/ml mycophenolic acid (Sigma). Cells were grown in the presence of 800 mg/ml neomycin analog G418 and for the amphotropic cell line 200 mg/ml hygromycin (Sigma).
The ecotropic GP+E86 packaging cell line was transfected with LB7SN cDNA and the 48 h supernatant used to infect the amphotropic GP+envAM12 cell line. Twelve independently isolated neo R colonies were grown and tested for HOXB7 mRNA; moreover their nuclear extracts were tested for binding to a nucleotide sequence known to be recognized by HOXB7 . The selected Am12/B7 cell line was analysed by Western blot according to standard procedures. A speci®c polyclonal rabbit antibody generated against a HOXB7 synthetic peptide (BabCO, Richmond, CA, USA) was used. The Am12/B7 viral titer was 1.3610 6 p.f.u./ml, as assessed by transfer of neo resistence to NIH3T3.
Human stem/progenitor cell puri®cation HSC/HPCs were puri®ed from peripheral blood, obtained from normal adult male donors after informed consent, as reported (Labbaye et al., 1995) .
Step IIIP cells comprise 90 ± 95% clonogenic CD34 + cells whose recovery is 465% from the starting buy coat. CD34 + HPC include 5 ± 10% primitive HPCs (high proliferative potential colonyforming cells, HPP ± CFCs) (Gabbianelli et al., 1995) and 0.5 ± 2% putative HSCs (long term culture-initiating cells, LTC ± IC) .
HPC gene transfer
At day 0 puri®ed HPCs were induced to cycling as described . At day 1 cells were cultured in 2 ml of the viral stock supplemented with growth factors and 4 mg/ml of polybrene for 3 h. The microgram treatment was repeated seven more times on day 2 and 3. HPC assays started at the end of day 3.
HPC clonogenetic and liquid suspension culture
Mock-treated and transduced HPCs were seeded and cultured in 0.9% methylcellulose, in FCS 7 IMDM (Gabbianelli et al., 1990) supplemented with multilineage (Table 1 legend; Valtieri et al., 1998) or unilineage (Table 2 legend; Labbaye et al., 1995; Gabbianelli et al., 1995; Valtieri et al., 1998) hematopoietic growth factors (HGFs) at 378 in 5% CO 2 /5% O 2 /90% N 2 humidi®ed atmosphere. In selected experiments colonies were picked up at day 14 and HOXB7 and neo R gene expression was analysed by RT ± PCR.
HPCs were also grown in FCS 7 liquid suspension cultures supplemented with the appropriate HGF combinations for unilineage dierentiation Ziegler et al., 1998) . A dose-response G418 selection was performed in all the experiments. At dierent days cells were collected, counted, smeared on glass slides by cytospin centrifugation, and stained by May ± GruÈ nwald Giemsa for morphological analysis. Methodology for semiquantitative RT ± PCR was then performed on aliquots.
HPP ± CFC culture
In order to evaluate the frequency of HPP ± CFC, 100 infected HPCs were grown in FCS 7 culture medium (0.9% methylcellulose in IMDM) and supplemented with HGFs as described (Gabbianelli et al., 1995; Tocci et al., 1996) . HPP ± CFC primary colonies were counted on day 28 according to established criteria (diameter 41 mm). Colonies picked up on day 28 were clonally replated and secondary HPP-CFC-derived colonies scored 28 days later.
LTC ± IC culture and gene transfer
Bone marrow was obtained from healthy young donors after informed consent. After Ficoll ± Hypaque separation, mononuclear cells were used to establish Dexter-type stroma layers for LTC, as previously described .
To optimally transduce LTC-ICs, followed the procedure outlined in . Thus, on day 7 LTC-IC cycling was induced by replacing half of the culture medium. On day 8 cells were incubated with the viral supernatant three times/day for 3 h); uninfected mock and LXSN-infected cells were processed in parallel in all experiments.
Thereafter, half of the medium was replaced weekly and supernatants harvested from LTC were assayed for HPC colony formation in semisolid medium as described . Cultures were terminated 5 ± 8 weeks later and HPCs contained in the non-adherent and adherent fractions were assayed for evaluation of LTC ± ICs (Udomsakdi et al., 1992) .
Limiting dilution assay
Limiting dilution assays (LDAs) were performed scaling down in 96-well plates LTC ± IC cultures to 0.2 ml/well and seeding 5610 4 stromal cells/well together with 25, 50, 100 or 200 HPCs/HSCs well. Each HPC/HSC concentration was plated at least 25 times. LDA cultures were treated as described for LTC ± IC cultures and tested for total colonies after 5 weeks as described (Udomsakdi et al., 1992) . The calculation of LTC ± IC frequency has been based on the Poisson distribution. The percentage of negative cultures has been plotted on the y axis of a semilog graph, while on the x axis is reported the cell number/well. For each dierent cell input at least 25 wells are prepared. The frequency is obtained by interpolating the x axis at the level of 37% negative cultures, (Fo=e 7u ; u=7l n Fo; when F=1 u=0.37).
Molecular analysis
Southern and Northern blot analyses were performed using standard techniques to assess proviral integration and HOXB7 expression level in independently isolated colonies. The full length clone c1-95 (Simeone et al., 1987) was used as a probe.
The expression level of HOXB7 and neo R genes in the transduced cells was analysed by RT ± PCR. cDNAs were normalized by the glyceraldhyde-3-phosphate-dehydrogenase (GAPDH) gene. The sequence of the primers, probes and the Enforced expression of HOXB7 promotes hematopoietic stem cell proliferation A Care Á et al PCR conditions are reported in CareÁ et al. (1996) and Valtieri et al. (1994) .
Data analysis
Data were analysed using Slide Write Plus for DOSVersion 6.0 (Advanced Graphics, Carlsbad, CA, USA). To characterize the data, curve ®ts were performed using a least-squares regression ®t; correlation coecients for the curve ®t (R) were then calculated. Statistical analysis was performed using GraphPad Instat (GraphPad, San Diego, CA, USA). The Spearman's rank correlation coecient (r s ) was determined to quantitate the degree of linear association between two variables. A two-sided P value was calculated testing the null hypothesis that the population correlation coecient equaled 0. The means of two populations were compared using the Student's t-test. The two-sided P value was determined testing the null hypothesis that the two population means were equal.
